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Alu sequences from GC-rich DNA
are likely to be harmful and
prevented from spreading in the
population by natural selection. This
implies no functional importance for
an Alu sequence itself, but merely
that, as the deletions of Alus are very
unlikely to be precise, a deletion
event removing an Alu is also likely
to remove valuable sequences around
it, and the chromosome bearing the
deletion will be lost by selection. 
The explanation favoured by the
authors for Alu enrichment in gene-
rich regions is that of positive
selection in favour of Alus in GC-rich
DNA. This theory, however, cannot
explain the observations. The data
show that Alu sequences up to five
million years old are not enriched in
GC-rich regions. But in human
population genetics, estimated times
to common ancestry of typical
genomic regions show that Alu
sequences which are five million years
old have already been fixed (found in
all individuals) in the population. This
observation is also what would be
expected from neutrality and genetic
drift, given the human effective
population size. (Alu sequences which
are truly advantageous will spread to
fixation much more quickly.) Earlier
human ancestors would also be
expected to have had similar fixation
times for Alu insertions. Yet it is only
during the spread to fixation of Alu
sequences that positive natural
selection has any opportunity to act.
Thus, an increasing abundance of Alu
sequences in GC-rich DNA as they
age beyond five million years cannot
be the result of natural selection for
positive functions of Alu insertions.
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The processing power of the
mammalian brain is derived from the
tremendous interconnectivity of its
neurons. An individual neuron can
have several thousand synaptic
connections. While these associations
yield computational power, it is the
modification of these synapses that
gives rise to the brain’s capacity to
learn, remember and even recover
function after injury. Inter-
connectivity and plasticity come at
the price of increased complexity as
small groups of synapses are
strengthened and weakened
independently of one another
(Figure 1). When one considers that
new protein synthesis is required for
the long-term maintenance of these
changes, the delivery of new proteins
to the synapses where they are
needed poses an interesting problem
(Figure 1). Traditionally, it has been
thought that the new proteins are
synthesized in the cell body of the
neuron and then shipped to where
they are needed. Delivering proteins
from the cell body to the modified
synapses, but not the unmodified
ones, is a difficult task. Recent
studies suggest a simpler solution:
dendrites themselves are capable of
synthesizing proteins. Thus, proteins
could be produced locally, at or near
the synapses where they are needed.
This is an elegant way to achieve the
synapse specific delivery of newly
synthesized proteins.
Local protein synthesis is not
unique to neurons. It is one of the
primary mechanisms that organisms
use to determine cell fate and
generate differences among cells.
For example, to achieve cellular
differentiation, the Drosophila
oocyte creates a polarized
distribution of mRNA species. The
mRNAs are localized and anchored
to different poles of the cell via
motifs in their 3′ untranslated
regions (UTRs). The mRNAs are
then locally translated to create
different regions of the cell and later
different daughter cells. Local
protein synthesis is even used by
unicellular organisms such as
Saccharomyces cerevisiae to determine
cell fate. mRNA for a factor that
regulates mating type is shipped
from the mother cell to the budding
daughter cell, once again based on
cis-acting elements in its 3′ UTR.
The protein product restricts only
the daughter cell’s mating type.
Local protein synthesis is also
used to create functional micro-
domains within cells. Myelinating
cells such as oligodendrocytes
produce processes that function as
Figure 1
Specificity of synaptic enhancement in
neurons. Shown is a single pyramidal neuron
with its cell body and dendrites filled with
GFP. The small protrusions that occur along
the dendrites are the spines, the postsynaptic
compartment onto which synapses are made.
Highlighted in red is a putative area of
synaptic enhancement with the adjacent
yellow area depicting regions that might
show a lesser amount of enhancement.
During long-lasting synaptic plasticity, the
spines in the enhanced area of the dendritic
tree, but not the adjacent green areas, need
to receive newly synthesized proteins. 
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lipid sheaths to electrically insulate
axons. They do this by producing a
protein called myelin basic protein
that collapses the oligodendrocyte
cell membrane, thus squeezing the
cytoplasm out of the region where it
is expressed. If myelin basic protein
were produced in a cell-wide manner
it would be toxic. Therefore,
restricted translation of myelin basic
mRNA is carried out in the
oligodendrocyte processes.
Microdomains are useful not
only for avoiding toxicity, but also
for allowing distributed control of
cellular function. Axonal growth
illustrates this principle quite well.
The growth cone of a developing
axon must sort through a dizzying
array of attractive and repulsive cues
to determine how to reach the
appropriate target tissue. To
accomplish this task, the growth
cone requires specific proteins based
on environmental cues it
encounters. However, the growth
cone is frequently millimeters away
from the soma. To solve this
problem, the growth cone might
locally synthesize the required
proteins when it needs them.
Several recent studies suggest that
this is the case.
What is the evidence that
distributed protein synthesis might
occur during long-lasting plasticity?
An early hint that local protein
synthesis might occur within the
dendritic compartment of neurons
was the anatomical observation of
synapse-associated polyribosome
clusters at the base of the dendritic
spine apparatus (Figure 2, right).
Since those ultrastructural studies, an
entire complement of translational
machinery has been detected in
dendrites. Additionally, several
mRNA molecules are localized to the
dendritic domain of neurons.
Although these studies show that the
components for local protein
synthesis are present, they do not
show that this synaptic translational
machinery is actually used in
response to synaptic activity.
Direct evidence supporting the
local synthesis hypothesis was
reported in a study by Feig and
Lipton. The authors used [3H]-
leucine incorporation to show that
new proteins were synthesized in the
dendritic regions of hippocampal
slice tissue following electrical
stimulation. The stimulation protocol
used in these studies, however, did
not alter the strength of synaptic
connections. In experiments using
growth factor application to
hippocampal slices, Kang and
Schuman showed the first causal link
between local protein synthesis and
synaptic enhancement. In this study,
brain-derived neurotrophic factor
(BDNF) or neurotrophin-3 (NT-3)
application to hippocampal slices was
shown to elicit a long-lasting synaptic
enhancement that was blocked when
the tissue was pre-incubated with
protein synthesis inhibitors.
In all local protein synthesis
experiments, the burden of proof is
to show that new proteins are made
in the dendrites, not the cell body.
Due to the laminar structure of the
hippocampal slice, the authors were
able to make microlesions that
physically separated the cell bodies
from the dendrites. Interestingly,
even when the dendritic region was
isolated, the growth factor-induced
enhancement was still sensitive to
protein synthesis inhibitors.
Although consistent with a dendritic
source of protein synthesis, this study
could not distinguish between
protein synthesis in dendrites, axons,
glial cells or local interneurons — all
of which are found within the
isolated ‘dendritic’ laminae of
hippocampal tissue.
Further evidence of activity-
dependent local protein synthesis
within neuronal processes has since
been reported. In hippocampal
slices, one form of long-term
depression requires local synthesis.
In the marine mollusk Aplysia,
serotonin application results in a
long-term synaptic facilitation that
requires protein synthesis in the
Figure 2
The physical isolation of dendrites from the
cell body provides a definitive
demonstration of local protein synthesis.
Left panel: Shown is a hippocampal neuron
expressing a dendritic protein synthesis
reporter. A small cut isolates the cell body
from the dendrites. In this cell, the
application of a growth factor to the isolated
dendrite resulted in dendritic protein
synthesis. Right panel: Biochemical
cascades that may result in protein
synthesis activation. A single dendritic spine
is illustrated with ribosomes at the base of
the spine. Synaptic activation of
metabotropic (black), growth factor (blue)
and ionotropic (red) receptors may lead to
dendritic protein synthesis activation
through unknown intermediates.
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neurites. Other studies have
detected local synthesis of proteins
such as calcium/calmodulin-
dependent protein kinase (CamKII)
following synaptic plasticity. While
the data from these experiments are
compelling, they lack the temporal
resolution to actually watch the
protein synthesis occur over time. In
our recent work, we used green
fluorescent protein (GFP) in
combination with time-lapse
microscopy to investigate local
protein synthesis in dendrites of
cultured hippocampal neurons. In
order to rule out the cell body as a
potential source of the GFP signal
measured in the dendrites, we used
two distinct methods of isolating the
dendrites from the cell bodies. The
first set of experiments employed
dendritic transections, in which the
dendrites were physically cut away
from the cell bodies (Figure 2, left).
In a less-invasive approach, the GFP
in the cell body was continuously
photobleached, and fluorescence
was monitored in the distal
dendrites. We showed that BDNF
application in both experimental
preparations resulted in increased
GFP production in the isolated
dendrites. These experiments
provided the first dynamic visual
proof of local protein synthesis in
dendrites.
An important aspect of local
protein synthesis within a micro-
domain of any cell type is the
transport of mRNA to the
appropriate location within the cell.
In the case of CamKII, cis-acting
elements have been identified
within the 3′ UTR of the mRNA
molecule that are necessary and
sufficient to target the message to
the dendritic region of hippocampal
neurons. A consensus targeting
sequence has yet to be identified,
but it does appear as though
targeting sequences reside in the 3′
UTRs of other messages as well.
Several studies show that the
mRNA-binding protein Staufen,
which is critically involved in mRNA
localization in the Drosophila
embryo, may also participate in
mRNA trafficking to neuronal
dendrites.
In addition to specific transport
requirements, if a message is to have
a local effect only at its destination —
often a distance of several hundred
microns from the nucleus — there
must be control over translation of
the mRNA. Without translational
regulation, the protein could be
produced en route to its destination,
thereby negating any specificity that
arises as a result of local synthesis. It
has been recently shown that a host
of mRNA binding proteins work in
concert to restrict translation of
certain mRNA species until the
appropriate time when the protein is
to be produced. Central to this
process is the cytoplasmic poly-
adenylation element (CPE) found in
the 3′ UTR of many messages. The
CPE is bound by CPE-binding
protein, which forms a complex with
other RNA binding proteins thus
regulating translation of these
messages. As the 3′ UTR sequences
of more mRNAs become available, it
will be interesting to discover the
role the CPE and other mRNA
elements play in controlling local
mRNA translation.
If dendritic protein synthesis is a
requirement for long-term synaptic
enhancement, to what extent is
activity-induced protein synthesis
restricted to activated synaptic sites?
In order to answer this question of
synapse specificity, experiments that
address the precise spatial limits of
protein synthesis induction during
synaptic activation must be carried
out. With such information, we will
begin to understand the
contribution of locally synthesized
synaptic proteins to the subcellular
specificity of neuronal
communication.
Ultimately, the upstream
biochemical signaling events that
lead to protein synthesis activation
need to be elucidated (Figure 2,
right). By understanding the
transduction mechanisms that
various extracellular signals use to
regulate protein synthesis machinery
and how differences in these
signaling cascades result in
translation of distinct subsets of
mRNA species, a defined role for
activity-dependent local translation
in mature dendrites will begin to
unfold.
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